mTOR, the mammalian target of rapamycin, integrates growth factor and nutrient signals to promote a transformation from catabolic to anabolic metabolism, cell growth, and cell cycle progression. Phosphatidic acid (PA) interacts with the FK506-binding protein-12-rapamycin-binding (FRB) domain of mTOR, which stabilizes both mTOR complexes: mTORC1 and mTORC2. We report here that mTORC1 and mTORC2 are activated in response to exogenously supplied fatty acids via the de novo synthesis of PA, a central metabolite for membrane phospholipid biosynthesis. We examined the impact of exogenously supplied fatty acids on mTOR in KRas-driven cancer cells, which are programmed to utilize exogenous lipids. The induction of mTOR by oleic acid was dependent upon the enzymes responsible for de novo synthesis of PA. Suppression of the de novo synthesis of PA resulted in G 1 cell cycle arrest. Although it has long been appreciated that mTOR is a sensor of amino acids and glucose, this study reveals that mTOR also senses the presence of lipids via production of PA.
Cells divide in response to growth factors that indicate that it is appropriate to divide; however, cells must also determine whether there are sufficient nutrients to generate two daughter cells (1) . The mammalian target of rapamycin (mTOR) 3 is a critical sensor that links external nutrient signals to cellular growth (2) . mTOR exists in two complexes: mTORC1 and mTORC2. mTORC1 is sensitive to amino acids and glucose and growth factor input. In contrast, mTORC2 is generally regarded as a responder to growth factor input and a regulator ofcellmetabolism (3) .Althoughmuchisknownaboutthedependence of mTORC1 on amino acids (4) , less is known about the ability of mTOR to respond to the presence of other nutrients essential for cell growth, such as glucose and lipids.
Both mTORC1 and mTORC2 are dependent on phosphatidic acid (PA), which is critical for the stability and activity of both mTOR complexes (5, 6) . The major source of PA generated in response to growth factor signals is the phospholipase D-mediated hydrolysis of phosphatidylcholine (7) . However, PA is a key intermediate in de novo membrane phospholipid biosynthesis (8) . This central position of PA in the generation of membrane phospholipids makes PA an ideal indicator of lipid sufficiency (9) . In the de novo pathway, glycerol-3-phosphate (G3P), derived from the glycolytic intermediate dihydroxyacetone phosphate (DHAP), is doubly acylated with fatty acyl-CoA to generate PA (10) . Thus, generation of PA via this mechanism is dependent upon both fatty acids and glucose. Because PA is generated from two critical metabolic needs for cell growth-glucose and fatty acids-it has been proposed that the PA dependence of mTOR evolved as an indicator of nutrient sufficiency (9, 11) . Consistent with this hypothesis, the PA binding site within the FK506-binding protein-12-rapamycinbinding (FRB) domain of mTOR is highly conserved from yeast to mammals (9) . The conservation of the PA binding site on mTOR was clearly not to retain sensitivity to rapamycin, indicating that PA binding in this region is important.
Cancer cells harboring Ras mutations scavenge exogenous proteins (12) and lipids (13) (14) (15) . In this study, we provide evidence that exogenously supplied lipids in KRas-driven cancer cells, like amino acids and glucose, stimulate mTOR. Both mTORC1 and mTORC2 are activated in response to oleic acid via the de novo synthesis of PA. This finding expands the role of mTOR as a nutrient sensor to the sensing of lipids. Suppression of this metabolic pathway results in G 1 cell cycle arrest. tured cells. Ras-driven cancer cells are scavengers of unsaturated serum lipids that are needed for their proliferation (13, 14) . mTOR is responsive to nutrients, including amino acids and glucose, and provides a link to cell growth (2, 16) . We therefore looked at the impact of exogenous lipids on the activity of mTORC1 and mTORC2. We examined the ability of different classes of fatty acids, saturated (palmitic acid) and unsaturated (oleic acid, linoleic acid, and arachidonic acid) fatty acids, to activate mTORC1 and mTORC2 in the absence of serum lipids. We previously rescued the effect of delipidated serum on the viability of KRas-driven cancer cells with a lipid mixture that contained 10 M fatty acids (14) ; for this reason, this was the concentration of fatty acids used to examine the ability to activate mTOR. Fatty acids were added to the KRas-driven cancer cell lines MDA-MB-231 and Calu-1 with BSA as a carrier. As seen in Fig. 1A , the unsaturated oleic acid caused a robust increase in mTORC1 and mTORC2 activity, as indicated by an increase in the phosphorylation of ribosomal subunit S6 kinase (S6K) at Thr-389 (mTORC1) and Akt at Ser-473 (mTORC2). The effect of oleic acid was more pronounced for the phosphorylation of the mTORC2 substrate Akt, which will be addressed under "Discussion." Linoleic and arachidonic acid increased S6K phosphorylation in Calu-1 cells and, to a lesser extent, in MDA-MB-231 cells. It is not clear why the Calu-1 cells were more responsive to linoleic and arachidonic acid than the MDA-MB-231 cells, but neither cell line responded to palmitic acid for either S6K or Akt phosphorylation. siRNA-mediated knockdown of the mTOR binding partners Raptor and Rictor abrogated the oleic acid-mediated increase in mTORC1 and mTORC2 activity, respectively, in both MDA-MB-231 and Calu-1 cells (Fig. 1B) . The knockdown of Raptor induced phosphorylation Akt, consistent with the feedback activation of mTORC2 reported previously in response to inhibition of mTORC1 (17) . Thus, exogenously provided oleic acid activates both mTORC1 and mTORC2 in the absence of serum factors.
Oleic acid-induced mTOR Activation is dependent on lysophosphatidic acid acyltransferase ␤
PA, which is required for mTOR complex formation and activity (5, 6) , is also at the center of membrane phospholipid biosynthesis (8) . Thus, the ability of oleic acid to stimulate mTOR suggests that activation of mTOR is via de novo synthesis of PA. A critical step in the synthesis of PA is the acylation of lysophosphatidic acid (LPA) by LPA acyltransferase-␤ (LPAAT-␤) ( Fig. 2A ). LPAAT-␤ also has a preference for unsaturated fatty acids, especially oleic acid (18) . We therefore examined whether exogenously supplied oleic acid could activate mTOR in the absence of LPAAT-␤. As shown in Fig. 2B , knockdown of LPAAT-␤ with siRNA suppressed the oleic acid-induced activation of both mTORC1 and mTORC2 in Calu-1 cells, with a stronger impact on the mTORC2 substrate Akt. supplied PA containing at least one monounsaturated fatty acid activated mTORC1. We have also demonstrated previously that 1-palmitoyl-2-oleoyl-PA (16:0, 18:1 PA) activates both mTORC1 and mTORC2 (5) . Therefore, we examined whether the addition of 16:0, 18:1 PA, the product of LPAAT-␤, could activate both mTORC1 and mTORC2 in Calu-1 cells where LPAAT-␤ expression was suppressed. As shown in Fig. 2B , 16:0, 18:1 PA overcame the effect of LPAAT-␤ knockdown, indicating that the suppressed mTOR activity observed with suppressed LPAAT-␤ expression was due to the lack of PA. Dioctanoyl-PA can also activate mTOR (19, 20) , indicating that the effect of PA was not due to conversion of PA to LPA because the octanoyl-LPA is not an agonist for the LPA receptor (21) . We also examined the incorporation of [ 3 H]oleic acid into PA with and without LPAAT-␤ expression. As shown in Fig. 2C , we observed a 50% reduction of [ 3 H]oleic acid incorporation into PA in Calu-1 cells where LPAAT-␤ expression was suppressed. These data reveal that exogenously supplied oleic acid is incorporated into PA in an LPAAT-␤-dependent manner and that activation of mTOR by oleic acid is dependent on LPAAT-␤.
Acyl-CoA synthetase long chain 5 mediates mTOR activity in KRas-driven cancer cells
If the oleic acid is activating mTOR via the LPAAT-␤-catalyzed acylation of LPA, then oleic acid needs to esterify with CoA. Fatty acids are esterified with CoA by a class of enzyme known as acyl-CoA synthetases (ACS) ( Fig. 3A ). Of the many isoforms of ACS, ACS long chain 1 (ACSL1) and ACSL5 have been shown to have substrate specificity for unsaturated fatty acids (22) . Mutant KRas-driven cancers are known to scavenge for exogenous lipids (13) (14) (15) . It was reported that mutant KRas drives ACSL5 expression in HCT-116 colon cancer cells (23) . We examined the level of ACSL5 expression in the KRas-driven HCT-116 colon cancer cells and the MDA-MB-231 and Calu1 cells used in Figs. 1 and 2. We also examined the level of ACSL5 expression in several non-KRas-driven cancer cells (MCF7 breast, PC3 prostate, and 786-O renal) and the non-transformed human fibroblast cell line BJ-hTERT. As shown in Fig.  3B , the KRas-driven cancer cells express higher levels of ACSL5 expression relative to the non-KRas mutant cancer cell lines.
To determine whether ACSL5 was required for the oleic acid-induced increases in mTOR activity, we performed siRNA knockdown of ACSL5. Knockdown of ACSL5 expression suppressed the oleic acid induction of both S6K and Akt phosphorylation ( Fig. 3C ). Exogenously provided 16:0, 18:1 PA was able to reverse the effect of ACSL5 knockdown on mTOR activity ( Fig. 3C ). ACSL5 knockdown also suppressed incorporation of [ 3 H]oleic acid into PA (Fig. 3D ). The data in Fig. 3 demonstrate that the oleic acid induction of mTOR is dependent on the generation of oleoyl-CoA.
Cytosolic G3P dehydrogenase 1 generates the G3P backbone required for de novo PA synthesis and mTOR activation stimulated by oleic acid
To generate PA from oleoyl-CoA, a G3P backbone is needed for acylation. The major source of G3P is the glycolytic intermediate DHAP, which is reduced by cytosolic NAD-linked G3P dehydrogenase 1 (GPD1). Isotope tracing experiments were performed with uniformly labeled [ 13 C]glucose to determine whether DHAP is being shunted away from glycolysis to G3P (Fig. 4A ). We employed a panel of non-small-cell lung cancer cell lines that were both KRas-driven and KRas wild-type. [ 13 C]glucose was added to the cells, and the fraction of G3P labeled with 13 C was determined at 6 and 24 h. As shown in Fig.  4B , all of the cells displayed substantial 13 C-labeled G3P, indicating that some glucose-derived DHAP was being shunted to G3P. Although the KRas mutant cell lines Calu-1 and HCC44 showed the largest fractional enrichment of glucose into G3P, there was not a complete correlation between KRas-driven cancer cell lines and higher percentage of 13 C-labeled G3P. However, it was clear that substantial G3P was being generated from glucose.
We next examined the effect of suppressing the expression of GPD1, the enzyme that generates G3P from DHAP, on oleic acid-induced phosphorylation of S6K and Akt in Calu-1 cells. As shown in Fig. 4C , treatment with GPD1 siRNA suppressed mTORC1 and mTORC2 activation, as indicated by reduced phosphorylation of S6K and Akt. The effect on Akt phosphorylation was more pronounced than on S6K phosphorylation, which was generally true for the knockdown of LPAAT-␤ observed in Fig. 2 . Exogenously provided 16:0, 18:1 PA was able to stimulate both S6K and Akt phosphorylation when GPD1 expression was suppressed. For reasons that are not clear, the levels of GPD1 protein are very low in Calu-1 cells, making it difficult to establish that knockdown of GPD1 was actually occurring in response to GPD1 siRNA. However, we could detect a strong reduction in GPD1 mRNA levels (Fig. 4C) . To further establish a dependence of oleic acid-induced mTOR activation on GPD1, we examined the effect of GPD1 knockdown in N-Ras-driven HepG2 hepatoma cells (24) , which are known to express detectable levels of GPD1 (25) . As shown in Fig. 4D , knockdown of GPD1 suppressed the oleic acid-induced activation of both mTORC1 and mTORC2; with the HepG2 cells, we could see a reduction in GPD1 protein. As with Calu-1 cells, the impact of GPD1 knockdown was more pronounced for the mTORC2 phosphorylation of Akt.
We next determined whether the [ 3 H]oleic acid incorporation into PA was dependent on GPD1. Calu-1 and HepG2 cells were treated with scrambled or GPD1 siRNA for 48 h. [ 3 H]oleic acid was added for the final 3 h. Radiolabeled PA was determined as in Figs. 2 and 3. As shown in Fig. 4 , E (Calu-1 cells) and F (HepG2 cells), the level of 3 H-labeled PA was significantly reduced by knockdown of GPD1. Collectively, the data in Fig. 4 demonstrate that the oleic acid induction of mTOR is dependent on glucose-derived G3P and GPD1.
Suppressing ACSL5 expression causes G 1 phase cell cycle arrest
The suppression of mTOR can cause the arrest of cells in G 1 phase of the cell cycle (26, 27) . We therefore examined the impact of suppressing ACSL5 on cell cycle progression in the KRas-driven cancer cell line Calu1. ACSL5 expression is elevated in KRas-driven cancer cells (Fig. 3B ), which are known to scavenge lipids (13) (14) (15) . Calu-1 cells were plated in complete medium with 10% fetal bovine serum as a source of lipids and TGF-␤, which is required for the cell cycle arrest caused by mTORC1 inhibition (28, 29) . The Calu-1 cells were then treated with either scrambled siRNA or siRNA targeting ACSL5 as in Fig. 3 . After 96 h, cells were harvested and subjected to flow cytometric analysis to determine the distribution of cells in G 1 and S phase. As shown in Fig. 5 , the percentage of cells in G 1 phase increased, whereas the cells in S phase decreased. There was also a substantial reduction in [ 3 H]thymidine incorporation into DNA (Fig. 5B) . We also observed a reduction in the levels of Rb, phospho-Rb, and the S phase cyclin, cyclin A (Fig. 3C) . Thus, suppression of the pathway for scavenging fatty acids via ACSL5 that are ultimately incorporated into PA suppresses cell cycle progression, indicating that the scavenging pathway is important for cells to progress through G 1 into S phase of the cell cycle. ]glucose into mϩ3 G3P at 6 and 24 h in a set of wild-type and mutant KRas non-small-cell lung cancer cell lines grown in complete medium. C and D, Calu-1 (C) and HepG2 (D) cells were transfected with GPD1 or NT siRNA for 48 h. Cells were shifted to serum-free medium during the last 16 h of treatment, and 10 M oleic acid:BSA (2:1) was added to the cells for 30 min. Lysates were probed for the phosphorylated mTOR substrates S6K and Akt by Western blotting analysis as in Fig. 1 . GPD1 mRNA levels were determined for Calu-1 cells (C), and GPD1 protein levels were determined for HepG2 cells (D). E and F, Calu-1 (E) and HepG2 (F) cells were transfected with GPD1 or non-targeting siRNA for 48 h. Cells were shifted to serum-free medium for the last 16 h of treatment, and [ 3 H]oleic acid was added for 3 h. Total lipids were extracted, and radiolabeled PA was determined as in Fig. 2 . The Western blots shown are representative of experiments repeated at least three times.
Discussion
Although much is known about the amino acid input to mTORC1 on lysosomal membranes (4), there is very little known about the glucose input to mTOR and nothing about any input to mTOR involving lipids. In this report, we provide evidence that lipids impact both mTORC1 and mTORC2 via the de novo synthesis of PA, a central metabolite for membrane phospholipid biosynthesis. There is a requirement for both fatty acids and G3P, a product of glycolysis, for the activation of mTOR. A schematic for the activation of mTOR in response to fatty acids and glucose via the generation of PA is shown in Fig.  6 . Thus, the PA needed for mTOR activation reflects the presence of both lipids and glucose. These data demonstrate that the nutrient sensing by mTOR goes beyond that for amino acids and includes input from both lipids and glucose via the production of PA.
An intriguing aspect of mTOR activation in response to oleic acid is that mTORC2 is more responsive to oleic acid than mTORC1. Akt is phosphorylated at the mTORC2 site at Ser-473 more strongly than S6K is phosphorylated at the mTORC1 site at Thr-389 ( Fig. 1 ). This could be due to subcellular localization. Although mTORC2 has been reported to have several subcellular locations, it was recently reported that mTORC2 co-localizes with mitochondrion-associated membranes (MAMs) upon stimulation with insulin (30, 31) . The MAMs are extensions of the endoplasmic reticulum that represent a hub for control over cellular metabolism (32) . Importantly, the endoplasmic reticulum is enriched in lipid-metabolizing enzymes (33) , including LPAAT-␤ (34) and ACSL5 (22) . Thus, the more profound effect of oleic acid on mTORC2 may be due to the synthesis of PA on the endoplasmic reticulum where Akt localizes (35) . It is speculated that the PA generated by de novo synthesis promotes the translocation mTORC2 to the MAMs, where it can phosphorylate Akt. In this regard, it is of interest that PA has been implicated vesicle trafficking and fusion (36, 37) . The recruitment of mTORC2 to the MAMs in response to de novo PA synthesis is consistent with a proposed role of mTORC2 in regulating metabolism and mitochondrial functions (3). Thus, the responsiveness of mTORC2 to de novo PA biosynthesis on MAMs may represent a means for the sensing of both lipids and glucose and then altering mitochondrial activity via the phosphorylation of Akt.
Of all the lipids used to stimulate mTOR activity, the most consistent pattern was that oleic acid induced both S6K and Akt phosphorylation in both MDA-MB-231 and the Calu-1 cells and that palmitic acid did not induce phosphorylation of either for G 1 phase cells were 53.4% Ϯ 10.4% and 25.2% Ϯ 9.4% for S phase cells in the controls and were normalized to 100%. Analysis was performed on at least 10,000 cells for each condition. B, Calu-1 cells were plated at 40% confluence and transfected with ACSL5 siRNA or control siRNA as in A. 48 h posttransfection, [ 3 H]thymidine was added. After 24 h, cells were collected, and total radioactivity was determined by scintillation counter. Statistical significance (p values) for A and B were determined by Student's two-tailed unpaired t test. **, p Յ 0.01; ****, p Յ 0.0001 compared with the control. C, Calu-1 cells were plated at 40% confluency and transfected with ACSl5 siRNA (25 nM) or control siRNA. 96 h post-transfection, cells were collected and analyzed for the levels of ACSL5, phospho-Rb (P-Rb), total Rb (T-Rb), cyclin A, and actin by Western blotting. The Western blot shown is representative of experiments repeated twice. substrate in either cell line. This is consistent with the observation that 16:0, 18:1 PA activates mTORC1 whereas dipalmitoyl-PA does not (19) . The importance of oleic acid for KRasdriven cancer cells is underscored by the lack of expression of stearoyl-CoA desaturase, which converts stearic acid to oleic acid (14) , explaining the need for oleic acid observed here. It is also of significance that dipalmitoyl-PA was shown to promote the disassembly of mTORC2 and inhibit the phosphorylation of Akt by mTORC2 (38) , further supporting the importance of oleic acid. Although dioctanoyl-PA, which lacks an unsaturated fatty acid, is able to activate mTOR, this could be because the eight carbons reaches to where approximately oleic acid is desaturated, and the double bond puts a bend in the hydrocarbon chain. This suggests that the fatty acid chain is important for the PA-mTOR interaction.
The bulk of this study was performed using KRas-driven cancer cells, in which there is an enhanced need for exogenous lipids (13, 14) . In this regard, it is of interest that LPAAT-␤ silencing was able to inhibit the proliferation and anchorageindependent growth of pancreatic cancer cells (39) , in which KRas is mutated in 95% of the cases (40) . Consistent with this report, we find that suppression of the de novo synthesis of PA in KRas-driven Calu1 lung cancer cells leads to G 1 cell cycle arrest. Thus, the de novo PA biosynthesis pathway is apparently critical for the proliferation of cancer cells that are dependent on KRas signals. The data provided here demonstrate that mTOR responds to exogenously supplied fatty acids via the de novo synthesis of PA. The apparent importance of this pathway in KRas-driven cancers suggests the possibility of targeting the PA synthesis pathway in the large number of KRas-driven human cancers.
Experimental procedures

Materials
The lipids used were as follows: oleic acid (Sigma, O3008), linoleic acid (Sigma, L9530), palmitic acid (Sigma, P0500), arachidonic acid (Sigma-Aldrich, 10931), fatty acid-free BSA (Sigma-Aldrich, A7030), 18:1-16:0 phosphatidic acid (Avanti Polar Lipids, 840857C), and egg phosphatidic acid (Avanti Polar Lipids, 84010C). Antibodies for P-S6K Thr-389 (9234), P-Akt Ser-473 (9271), S6K (9202), Akt (9272), Raptor (2280), Rictor (9476), cyclinA2 (4656), P-Rb (9307), and T-Rb (9309) were obtained from Cell Signaling Technology. Antibodies for ACSL5 (HPA007162) and GPD1 (HPA044620) were from Atlas Antibodies, for LPAAT-␤ (TA 323423) from Origene, and for actin (60008-1-lg) from Proteintech Group. Ultima Gold scintillation fluid (6013681) and [ 3 H]thymidine (20 Ci/mM, 1 mCi/ ml, NET-027E) were obtained from PerkinElmer Life Sciences.
Cells and culture conditions
The MDA-MB-231 breast, Calu-1 lung, HepG2 liver, MCF7 breast, PC3 prostate, and 786-O renal cancer cell lines and BJ-hTERT cells were obtained from the American Type Culture Collection. Calu-1 cells were cultured in McCoy's 5A medium (Sigma, M8403) containing 10% fetal bovine serum and 2 mM L-glutamine (Sigma, G7513). All other cells were cultured in Dulbecco's modified Eagle's medium (Sigma, D6429) containing 10% fetal bovine serum (Sigma, F4135). The nonsmall-cell lung cancer cell lines used were from the Hamon Cancer Center Collection (University of Texas Southwestern Medical Center) and were maintained in RPMI 1640 medium (Life Technologies) supplemented with 10% fetal calf serum.
siRNA treatment
Transient siRNA transfections were carried out as described previously (41) . The following siRNAs were used in the study: Raptor siRNA (Santa Cruz Biotechnology, sc-44069), Rictor siRNA (Santa Cruz Biotechnology, sc-61478), LPAAT-␤ siRNA (Dharmacon, M003811), ACSL5 siRNA (Ambion, s28549), GPD1 siRNA (Ambion, s223769), non-targeting siRNA (Ambion, 4390843), and non-targeting siRNA (Dharmacon, D-001206-13).
Evaluation of mRNA levels
qRT-PCR was performed using the One-Step Cells Direct qRT-PCR kit (11753-100 Thermo Fisher Scientific) according to the instructions of the manufacturer. The TaqMan primers CoA is acylated with fatty acids by ACSL5 to generate fatty acyl-CoA. The fatty acid can then be transferred to the glycerol backbone of G3P by a glycerophosphate acyltransferase (GPAT) to generate LPA, which can then be acylated by LPAAT. The responsiveness of mTOR to lipids and glucose via the generation of PA represents a means for the sensing critical nutrients for cell growth.
6-carboxyfluorescein/minor grove binder (MGB) probe specific to GPD1 (Applied Biosystems, Hs01100039_m1) and GAPDH (4352934E) were obtained from Applied Biosystems. One-step qRT-PCR was performed using assays specific to GPD1 and GAPDH. The expression levels of GPD1 mRNA were measured relative to the average of GAPDH. Thermal cycling conditions were as follows: 50°C for 15 min, 95°C for 2 min, 40 cycles of 95°C for 15 s, and 60°C for 45 s. The samples were run on the Step One Plus RT-PCR system from Thermo Fisher Scientific and analyzed using Step One software (version 2.2.2).
Stable isotope tracing measurement of G3P labeling with [ 13 C]glucose
Stable isotope tracing of uniformly labeled [ 13 C]glucose to G3P was evaluated in eight non-small-cell lung carcinoma cell lines. Fractional enrichment of G3P was determined as described previously, except that ions 445-448 were monitored for the G3P peak (42) .
Measurement of PA levels
Relative PA levels were determined as described previously by Hornberger et al. (43) . Cells were plated in complete medium and then serum-starved during the last 16 h of siRNA treatment. 0.1 M [ 3 H]oleic acid (5 mCi/ml) was added to the culture for 3 h under conditions of siRNA-mediated knockdown. Cells were collected in ice-cold methanol:6 N HCl (50:2) and added to the first extraction buffer (155 ml of 1 M NaCl and 500 ml of chloroform). The lower organic layer was transferred to the second extraction buffer (350 l of water, 115 l of 1 M NaCl, and 115 l of methanol). The radioactivity of the lower organic layer was quantified by scintillation counting, and equal radioactivity counts of total lipids from each sample were dried under nitrogen. The samples were resuspended in spotting solution (chloroform:methanol, 9:1; 2 l of egg PA (10 mg/ml) and run on a thin-layer chromatography plate in 100 ml of the upper phase of ethyl acetate:iso-octane:glacial acetic acid:water (88:40:20:80). Plates were sprayed with En 3 hance spray (PerkinElmer Life Sciences, 6NE970C) exposed to a preflashed X-ray film (Amersham Biosciences, 28906836), and developed after 3 days at 80°C. Bands corresponding to the PA standard were quantified using Image Studio Lite 4.0.21.
Preparation of PA vesicles
Immediately before addition, PA (16:0, 18:1) in chloroform was dried under nitrogen and resuspended in Dulbecco's phosphate-buffered saline (Thermo Scientific, 14190). The suspension was sonicated for 3 min. The resulting PA suspension was added to cells at a final concentration of 300 M.
Western blotting analysis
Extraction of proteins from cultured cells and Western blotting analysis of extracted proteins were performed with the ECL system (Amersham Biosciences) as described previously (41) .
Flow cytometric analysis
Cell cycle distribution was determined by flow cytometry as described previously (26) . Briefly, cells were fixed in 70% etha-nol, stained using propidium iodide, and passed through 70-m meshes to remove cell aggregates. Fluorescence intensity corresponding to DNA content in different phases of the cell cycle was measured by flow cytometry (FACSCalibur, BD Biosciences) and analyzed using WinCycle software (Phoenix Flow Systems).
Thymidine incorporation assay
Cells were labeled with 1Ci/ml [ 3 H]thymidine. At the indicated times, cells were washed twice with 1 ml of phosphatebuffered saline and then precipitated twice with 1 ml of 10% trichloroacetic acid. The precipitates were solubilized in 0.5 ml of 0.5% SDS/0.5 M NaOH solution, and the extent of [ 3 H]thymidine incorporation was quantified using 75 l of sample and 3 ml of scintillation fluid. Each experiment was performed twice.
